Gas flows in and out of galaxies through their circumgalactic medium (CGM) are poorly constrained and direct observations of this faint, diffuse medium remain challenging. We use a sample of five z ∼ 1-2 galaxy counterparts to Damped Lyman-α Absorbers (DLAs) to combine data on cold gas, metals and stellar content of the same galaxies. We present new HST/WFC3 imaging of these fields in 3-5 broadband filters and characterise the stellar properties of the host galaxies. By fitting the spectral energy distribution, we measure their stellar masses to be in the range of log(M * /M ) ∼ 9.1−10.7. Combining these with IFU observations, we find a large spread of baryon fractions inside the host galaxies, between 7 and 100 percent. Similarly, we find gas fractions between 3 and 56 percent. Given their star formation rates, these objects lie on the expected main sequence of galaxies. Emission line metallicities indicate they are consistent with the mass-metallicity relation for DLAs. We also report an apparent anti-correlation between the stellar masses and N(H i), which could be due to a dust bias effect or lower column density systems tracing more massive galaxies. We present new ALMA observations of one of the targets leading to a molecular gas mass of log(M mol /M ) < 9.89. We also investigate the morphology of the DLA counterparts and find that most of the galaxies show a clumpy structure and suggest ongoing tidal interaction. Thanks to our high spatial resolution HST data, we gain new insights in the structural complexity of the CGM.
INTRODUCTION
Tremendous progress has been made over the last decade in establishing a broad cosmological framework in which galaxies and large-scale structure develop hierarchically over time, because of gravitational instability of material dominated by dark matter (e.g., Springel & Hernquist 2003) . The next challenge is to understand the physical processes of the formation of galaxies and their interactions with the E-mail: raugusti@eso.org medium surrounding them. However, details of the cycling of gas into, through, and out of galaxies are currently poorly constrained. The missing link is information about gas in the circum-galactic medium (CGM). The CGM is loosely defined in the literature (e.g. Tumlinson et al. 2017 ) but we use it as a description of the vicinity around galaxies where all the gas flows and interactions between the galaxy itself and the primordial gas from the cosmic web take place. The extent of the CGM can reach out to ∼ 300 kpc from the center of the galaxy Prochaska et al. 2011 ). The CGM is believed to be both the repository of the in-flowing gas and the receptacle of the feedback of energy and metals generated inside the galaxy (Tumlinson et al. 2017) . Since outflows can also leave the halo and mix with the primordial gas in the cosmic web, we further restrict the definition of what we consider CGM to the halo in which the gas is gravitationally bound to the central galaxy. Results from the FIRE (Feedback In Realistic Environments) simulation (Muratov et al. 2015 (Muratov et al. , 2017 Anglés-Alcázar et al. 2017) suggest that the CGM at late times is mainly a repository for the metal enriched gas from outflows, and in this stage forms the major contribution to feeding the galaxy. The observational signature of this transition from 'infall dominated' to 'closed box evolution', i.e. a steepening of the cosmic evolution of the mass to metal relation, has already been reported to take place at the time of Cosmic Noon (Møller et al. 2013) . Rahmati & Schaye (2014) used cosmological simulations at z=3 to show that at impact parameters larger than the virial radius of a single galaxy, galaxy clustering starts to play a role and that single absorption features are associated to groups of galaxies. They also find that depending on the star formation rate of the central galaxy, clustering can already become significant even within the virial radius.
To reach understanding of the interplay of gas flows and galaxy evolution, it is essential to relate the cold gas and metals in the CGM to the stellar content of the central galaxy. The cold gas and metals in galaxies can be efficiently probed using absorption lines in the spectra of background quasars. These quasar absorbers offer powerful redshift-independent tools to investigate galaxy evolution. The quasar absorbers with the strongest absorption lines are the Damped Lyman-α systems (DLAs). They are defined to have neutral gas column density log(N(H i)/cm −2 )>20.3, matching the detection threshold of H i in local disks (Wolfe et al. 1986 ). Péroux et al. (2003) showed that by extending this definition to log(N(H i))>19.0, all the significant contributors to the neutral gas mass density would be taken into account (see also Zafar et al. 2013) . They coined the term sub-Damped Lyman-α systems (sub-DLAs) for these absorbers with lower column densities. These DLAs and subDLAs are, due to their strong absorption features, probably linked to galaxies and are the preferred targets to study the CGM in absorption.
While the number of quasar absorption line systems now amount to hundreds of thousands (e.g. Prochaska et al. 2005; York et al. 2006; Noterdaeme et al. 2009 Noterdaeme et al. , 2012b Zhu & Ménard 2013; Khare et al. 2014; Pieri et al. 2014; Quiret et al. 2016) , the number of counterpart, visible objects attributed to DLAs (and thus termed "DLA galaxies") remains small (Krogager et al. 2017 ). This implies that many counterparts remain under the detection limit (see e.g. Péroux et al. 2011a ) and makes the analysis of those counterparts that are being discovered even more precious.
Traditionally, people have used imaging and follow-up spectroscopy (Steidel et al. 1997) or narrow-band imaging (Rauch et al. 2008; Ogura et al. 2017) . To find the counterparts of DLAs in a more systematic way, a strategy using triangulation of the X-Shooter slit has been developed. This observational strategy resulted in many new discoveries of DLA galaxies (Noterdaeme et al. 2012a; Krogager et al. 2017; Zafar et al. 2017) . The use of IFUs such as SIN-FONI and MUSE as well as KCWI has turned out to be very powerful in detecting faint galaxies in the vicinity of bright quasars Péroux et al. 2011a; Rahmani et al. 2018; Fumagalli et al. 2017; Bielby et al. 2017; Rubin et al. 2017 ). This technique allows one to identify emission lines which in turn give constraints on the redshift, metallicity and star formation rates of the host galaxies. However, it provides only limited information on the stellar continuum of the host galaxies, depending on the wavelength coverage of the IFU and the detection limit of the instrument. Recent studies show that absorbers are generally not to be associated to isolated galaxies. Some absorbers are found towards groups of galaxies, suggesting that they probe some common inter-group material (Péroux et al. 2016; Rahmani et al. 2018; Klitsch et al. 2018 ).
With the counterpart galaxies that were detected, there has been much progress constraining their physical properties. The best way to constrain these physical properties is to infer and analyse scaling relations between the gas in absorption and the emission properties from the host galaxy. These scaling relations include a luminosity-metallicity relation (Møller et al. 2004) or the mass-metallicity relation (Ledoux et al. 2006; Prochaska et al. 2008; Arabsalmani et al. 2018) . Especially the mass-metallicity relation of DLA counterparts, and its redshift evolution, has been studied in great detail recently (e.g. Møller et al. 2013; Neeleman et al. 2013; Christensen et al. 2014) . In these relations, the metallicity is inferred from the absorption features in the quasar spectrum and found to be in correlation with the luminosity or the mass of the galaxy counterpart. However, due to the proximity of the usually faint DLA host galaxy to a bright background quasar, direct imaging and discovery of the DLA hosts has proven to be challenging (e.g. Le Brun et al. 1997; Møller et al. 2002; Chen & Lanzetta 2003; Rao et al. 2003; Kulkarni et al. 2006; Fumagalli et al. 2014a Fumagalli et al. , 2015 . According to the known scaling relations, metal rich, and therefore luminous and massive systems, have the highest chance of being detected as galaxy counterparts (e.g. Fynbo et al. 2010; Péroux et al. 2011a; Bouché et al. 2012; Krogager et al. 2013; Zafar et al. 2017; Rudie et al. 2017) . Even though there has been enormous progress in developing these detection techniques, the total number of detected (sub-)DLA counterparts remains relatively small and further searches for counterparts are needed in order to fully understand quasar absorbers.
To constrain the stellar content of DLA counterparts, we acquired new broad-band HST/WFC3 observations with high spatial resolution to image five z ∼1-2 DLAs in three to five different filters. These new data provide the possibility to study the stellar continuum light of Lyman-α absorbing galaxies. We combine our data with archival data and estimate the galaxies' masses, test their scaling relations and use the high resolution of the data to investigate the morphology of the counterparts.
We structure the presentation of our work as follows: in section 2 we present the HST data set of our sample of galaxies and in section 3 the new ALMA observations. We show the details of our data analysis in section 4. In section 5 we present and discuss our results, and we describe our conclusions in section 6. HST/WFC3 visible and infrared broad-band images of the stellar continuum of the galaxies of our sample after PSF subtraction. We present the objects that we find at the position where we had previously found H-α emission at the redshift of the absorber. North is up and east is left. A scale bar is shown in each panel and the corresponding physical scales are given on top of each column. The field of Q0302−223 was not observed with WFC3/F606W because archival WFPC2/F450W and F702W data were already available. All the Lyman-α absorbing galaxies are clearly detected in all bands, even before quasar PSF subtraction. Note that the images in F105W and F160W for Q2222-0946 look blurred due to the proximity (0.7") of this object to the quasar sight line because it is affected by the subtraction residuals. In the last row we also show the SINFONI Hα maps of the corresponding objects. These figures are adapted from Péroux et al. (2011b) and Péroux et al. (2012) .
HST BROAD-BAND OBSERVATIONS OF LYMAN-α ABSORBING GALAXIES

A Sample of five DLA Counterparts
The data set is composed of five z ∼1-2 DLAs with welldetermined gas and metal properties and galaxy counterparts identified from ground-based observations (see table  1 ). The properties of these galaxies were previously published in a series of papers (Péroux et al. 2011a (Péroux et al. ,b, 2012 . Péroux et al. (2011a) presented the VLT/SINFONI IFU survey in which these sources were included. They targeted quasar fields with known DLAs in order to look for H-α emission in these fields at the redshift of the absorption, and thereby identified galaxy counterparts. In Péroux et al. (2011b) the kinematics of two of these counterparts were analysed. Péroux et al. (2012) introduced three more counterpart detections and summarised the emission metallicites from the N2-parameter, which is based on the N ii λ6585 / H-α ratio (Pettini & Pagel 2004) . Later, Péroux et al. (2013) provided dynamical masses, gas masses and halo masses from 3D morphokinematics modelling for these DLA galaxies and Péroux et al. (2014) used VLT/X-Shooter data to estimate the metallicity of the H ii gas also from R23 (Kobulnicky & Kewley 2004) . Their parameters that are relevant for this work are presented in table 1, and include accurate sky positions, impact parameters, the redshift of the DLA galaxy, emission line metallicities, kinematics and H-α star formation rates. The SINFONI data of these objects did not reveal the galaxies in continuum, only in emission lines and in order to analyse the stellar continuum, an HST follow-up has been undertaken.
HST WFPC2 and WFC3 Observations
To study the stellar properties such as the stellar mass of these galaxies, which requires knowledge of the underlying stellar continuum, we combined imaging data from the HST archive with new WFC3/UVIS and IR channel observations. Thereby, we obtain broad-band fluxes and the morphology of all the objects in the sample. We use the high spatial resolution of HST data to resolve the morphology of the (sub-)DLA counterparts.
The new data were observed during Cycle 22 (ID: 13733; PI: Péroux) with the Wide Field Camera 3 in both the optical (UVIS) and infrared (IR) detectors, using the three broadband filters F606W, F105W and F160W. The observations took place between 13 January and 13 October 2015. We aimed at setting the roll-angle of the telescope such that the known galaxy counterpart of the quasar absorbers lies at 45 degrees from the diffraction spikes of the Point Spread Function (PSF). We use a dithering pattern in four individ- Table 1 . Physical properties of absorbing galaxies observed with SINFONI (Péroux et al. 2011a,b) . In the first column we describe the (sub-)DLA counterpart by the quasar field and the clump ID as defined later in figure 3. "δ" refers to the angular separation between the quasar and the galaxy, "b" refers to the impact parameter in kpc. z DLA gives the redshift of the absorber and log(N (H i)) its H i column density. The SFR was determined from H-α. We note that no extinction corrections have been applied to the star formation rate (SFR) estimates. The absorption metallicity corresponds to the neutral gas abundance derived from Zinc, assumed to be undepleted on to dust, while the metallicity in emission is from the H ii regions within the galaxies using N2 (upper row) or R23 (lower row). We also show the derived maximum velocities and mass components. Krogager et al. (2013) ual exposures to help with removal of cosmic rays and hot pixels. The UVIS observation was taken using the WFC3-UVIS-DITHER-BOX pattern. The two observations with the IR detector were taken using the WFC3-IR-DITHER-BOX-MIN pattern providing an optimal 4-point sampling of the PSF. A summary of the observational set-up is given in table 2. A minimum of three broad-band filters is available for each field to probe either side of their 4000Å Balmer break. Using additional data available in the archive, we end up with 4 filters for Q0302-223 and 5 filters for Q0452-1640.
The available F606W, F105W and F160W images are displayed in figure 1.
HST/WFC3 Data Processing
We perform the data reduction with the calwf3 pipeline. This includes corrections for bias and dark as well as flat fielding. We then multiply each individual exposure by the pixel area map provided by the HST/WFC3 photom- This method provides in a good correction of the quasar PSF. In particular, the diffraction spikes, which are spreading over several arcsec and as such are more likely to affect the detection of the absorbing galaxies, are robustly removed.
etry website 1 to do the flux calibration in the individual science frames. All bad pixels, including cosmic rays and saturated pixels are masked using the data quality file that comes with each science frame (Fig. 2 , upper left). We create a subpixel grid on the individual exposures of 10×10 per pixel and shift the individual frames on top of each other to align them. Thereby we correct for the offset from the dithering. The individual images are sky subtracted and then combined in a median stack after alignment. This stacked image results in the science image that we are using for our analysis (figure 2, upper right).
Quasar Point Spread Function Subtraction
In order to detect the faint continuum emission from the foreground Lyman-α absorbing galaxy near the bright quasar, we need to subtract the quasar continuum. To this end, we create a model of the point spread function (PSF)
1 http://www.stsci.edu/hst/wfc3/pam/pixel area maps directly from our data for each QSO field. The QSO PSF is dependent on the filter in which the observations were taken and the position of the QSO on the detector plane.
Since we have taken our observations in the same three filters for every field and positioned the QSO close to the center of the detector plane, we can combine different quasar images in identical filters to create a model PSF. We proceed as follows: For each QSO field, we combine all other QSO fields in the identical filter in a median stack (figure 2, lower left). Before the stacking we take care to mask all the objects that do not belong to the QSO PSF (e.g. small galaxies, artifacts, etc.) and subtract the sky. We also scale the individual PSFs so that their flux profiles in the outer wings match. This resulting model PSF is then scaled to the quasar field under study. We take care to combine all fields but the one to be PSF subtracted, to reveal objects under the QSO PSF. Using this model, we apply the PSF correction on the science frame (figure 2, lower right). This method results in a good correction of the quasar PSF. In particular, the diffraction spikes which are spreading over several arcsec and as such are more likely to affect the detection of the absorbing galaxies are robustly removed. For the two archival images in Q0452−1640 (F814W and F140W) we simply use an isolated star in the field as the model PSF.
NEW ALMA OBSERVATIONS
The field of Q2222−0946 was observed with ALMA to cover the CO(3-2) emission line at the redshift of the z abs =2.354 absorber in band 3 on the 10 August 2016 (under program 2015.1.01130.S, PI: C. Péroux) using a compact antenna configuration. One of the four spectral windows was centered at the redshifted CO(3-2) line frequency of 103.22326 GHz, while the three other spectral windows were used for continuum observations of the field. The blazars J2224−1126 and J2148+0657 were used as calibrators. Full imaging pipeline products are generated by the observatory using the Common Astronomy Software Applications (CASA) software package version 4.7.0. The final beam size is 1.04×0.78 arcseconds. No emission lines are detected at the expected frequency. The resulting RMS at the observed frequency is 0.139 mJy in 150 km/s channel width. Assuming a line width of 200 km/s, we derive a 5-sigma limit on the integrated flux density of <140 mJy km/s. Converting to CO(1-0), we get a flux density of <58 mJy km/s assuming a Milky-Way like J-transition ratio (Carilli & Walter 2013) . In line with previous works, we choose to use a galactic H2-CO conversion factor of 4.6 M (K km/s pc 2 ) −1 , although this assumption has been challenged by recent findings (e.g. Klitsch et al. 2018) . The corresponding CO luminosity is 1.7×10 9 (K km/s pc 2 ) −1 leading to a 5-sigma limit on the molecular mass of log(M mol /M ) < 9.89.
ANALYSIS
Magnitude Measurements
We perform aperture photometry to determine the magnitudes of the DLA counterparts. We carefully choose elliptical apertures (major axis lengths between 0.4 and 1.7 arcsec, depending on apparent size of the galaxy) around the Figure 3 . Nomenclature of the three fields showing several absorbing-galaxy clumps. In these fields, the enhanced spatial resolution provided by the HST/WFC3 images reveal distinct structure within the counterpart objects. North is up and East is left. The quasar PSF has been subtracted. We note that in the field of Q0302−223, previous HST/WFPC2 observations had already provided evidence of two separate objects associated with the absorbing-galaxy (Le Brun et al. 1997; Péroux et al. 2011b ). As we do not have spectral information on the individual clumps we add up the fluxes of the individual clumps that correspond to the DLA counterpart as seen in the ground based H-α detection. The tail in the bottom right corner of the Q2352−0028 field is an artefact due to the saturation of the QSO that could not be removed by the PSF subtraction. We did not mask the QSO residuals which leads to some bright and dark spots around the marked QSO positions. Table 3 . AB magnitudes of the DLA counterpart galaxies. A description of how we obtain these magnitudes is given in section 4.1. The measurements serve as input to SED stellar continuum fitting of the Lyman-α absorbing galaxies. objects we identify as DLA counterparts. The visible counterpart should lie completely within the aperture. If there are several individual sub-structures (hereafter referred to as 'clumps' and labeled in Figure 3 ), we pay attention to include them all when detected in all filters. What we identify as the DLA counterpart may not be a single object but actually several clumps that we treat as a single galaxy due to their spatial proximity and lack of further spectral information. Also, because the area in the center of the QSO is highly contaminated, we take care not to include such pixels in the aperture. In some cases, when faint and minor clumps show in the infrared that were not detected in the optical filter, we choose to only analyse those major clumps that we can see in all filters. Therefore we will either mask those objects in the infrared or choose such an aperture that those clumps are excluded. We convert the flux within this aperture to an AB magnitude using the respective zeropoints of each filter. The error on the magnitude within this aperture is dominated by the Poisson noise on the pixels.
Since the galaxies are extended objects we need to correct these magnitudes for the missing flux of the galaxies outside the aperture. To do this we model Sersic profiles to each of the visible clumps and galaxies, using the software GALFIT (Peng et al. 2002) . Assuming that the galaxy profile looks the same in all filters outside the chosen aperture, we do this modeling in the filter with the best spatial resolution (F606W for all but Q0302-223, where we choose F160W). This model is then scaled to the resolution and pixel sampling of the other filters and used to determine the IR aperture correction. Indeed, clumps that are not detected in the optical might show in the infrared. These could be unrelated to the galaxy we are studying and therefore have an effect on the fit, but we find that including these regions has no impact on the derived magnitudes within our conservative errors. The clumpy residuals shown in Figure 4 are not related to such "infrared-only" clumps and instead show the deviation of the observed galaxies from the ideal Sersic model (see section 5.4). We used the best fit of the model excluding the infrared-only clumps to determine the integrated flux outside the previously chosen aperture. This gives us the aperture correction.
The error on this aperture correction is estimated from 1000 random realisations of the model galaxy. The Sersic profile that we fit depends on seven parameters (the center (x,y), the integrated magnitude, the effective radius, the Sersic index, the ellipticity and the position angle). Assuming that they are independent -in reality they are not, but for our purposes this approximation is good enough -we let each parameter vary within a normal distribution around its best value and with their fitting errors as the sigma. Taking random values within these distributions we create the 1000 realisations of the galaxy model. Again, we measure the flux outside the chosen aperture and determine the standard deviation of this flux. This gives us the error on the aperture correction. Adding now the aperture correction and its error onto the flux within the aperture we obtain the magnitudes as given in table 3.
For comparison we also use the GALFIT modeling on all filters to compute the magnitudes and find them to be consistent within the errors with the magnitudes that we obtain from aperture photometry. One object in our sample (Q2222-0946) overlaps with the study from Krogager et al. (2013) . Although we use their estimates for the remainder of our analysis, we perform our magnitude measurement procedure also on their original data and find that the magnitudes for this object also agree within the errors.
Morphology Characterisation
In addition, the GALFIT models (see figure 4) allow us to characterise the morphology of the DLA counterparts. In three of the targeted fields (Q0302−223, Q0452−1640 and Q2352−0028), the enhanced spatial resolution provided by the HST/WFC3 images reveals distinct structure within the absorbing galaxies. Figure 3 provides the nomenclature for each of these clumps. For the other two fields, no additional structure is found within the galaxy counterpart itself, although we find quite a lot of structure around the quasar in the field of Q1009-0026 (see figure 9 ). We note that in the field of Q0302−223, previous HST/WFPC2 observations had already provided evidence of two separate objects associated with the absorbing-galaxy (Le Brun et al. 1997; Péroux et al. 2011b) . From GALFIT we obtain two parameters, the ellipticity and the effective radius, that tell us quantitatively about the size and morphology of these DLA counterparts. We list the morphological parameters in table 4.
Spectral Energy Distribution Fit
We use the derived broad-band magnitudes in table 3 which cover the 4000Å Balmer break of the object to constrain the mass, SFR, and age of the stellar population in the galaxy with a spectral energy distribution (SED) fit to the integrated light of the galaxies. We utilised the photometricredshift code LE PHARE (Arnouts et al. 1999; Ilbert et al. 2006 ) available as part of the GAZPAR suite of software 2 . We used the code with a single burst of star formation, Figure 4 . Galaxy models with GALFIT. These models were used to determine the morphological parameters given in table 4. These models were also used to determine the aperture correction for the magnitudes. From left to right: the observed, modeled and residual from our GALFIT modeling. The enhanced spatial resolution provided by HST imaging reveals the complexity of the morphology of these objects. See section 5.4 for the discussion of the morphology of each of these objects.
templates from Bruzual & Charlot (2003) stellar population models, a Calzetti extinction law and a Chabrier (2003) initial mass function. The spectroscopic redshifts derived from our SINFONI spectra are used as an input to the code, thus allowing us to constrain the stellar mass of the object with relatively high confidence. Based on previous experience (Péroux et al. 2011b; Ilbert et al. 2006) , we know that the derived stellar masses are reliable, while the age of the stellar population and the SFR are less robustly determined. Figure 5 shows the best fit template for each of the counterpart objects, based on the averaged magnitude from the template spectrum in the range of the respective bandwidths, convolved with the throughput. Note that, while the mea- Table 4 . Parameters of the GALFIT morphological models on the individual galaxy clumps. For each of these we consider the profile that we fit in the optical filter F606W, except for the case of Q0302−223, where we present the values for the F160W filter. The parameters we show are the integrated magnitude AB mag, the effective radius R e in units of pixels, the Sersic index n and the axis ratio b/a. (4) F160W 23.98 ± 0.12 2.14 ± 0.25 2.3 ± 0.3 0.62 ± 0.13 0.5 ± 0.05 Q0302−223 (3) F160W 22.77 ± 0.06 2.29 ± 0.12 2.4 ± 0.1 0.86 ± 0.08 0.82 ± 0.04 Q0452−1640 (1) F606W 24.01 ± 0.12 7.60 ± 0.56 2.5 ± 0.2 0.50 ± 0.11 0.36 ± 0.04 Q0452−1640 (2) F606W 25.14 ± 0.17 2.40 ± 0.45 0.8 ± 0.1 0.56 ± 0.26 0.83 ± 0.17 Q1009−0026 F606W 22.46 ± 0.05 9.95 ± 0.35 3.1 ± 0.1 0.47 ± 0.04 0.88 ± 0.03 Q2222−0946 F606W 24.21 ± 0.16 4.62 ± 0.39 1.5 ± 0.1 0.81 ± 0.21 0.38 ± 0.06 Q2352−0028 (1) F606W 25.05 ± 0.18 5.79 ± 0.69 1.9 ± 0.2 0.55 ± 0.19 0.49 ± 0.08 Q2352−0028 (2) F606W 26.60 ± 0.35 3.32 ± 0.65 1.1 ± 0.2 0.34 ± 0.27 0.43 ± 0.13 Table 5 . Derived stellar physical properties of the Lyman-α absorbing galaxies from SED fitting. The second column provides the stellar masses. The third and fourth columns provide the baryonic mass fraction, f baryons , and the gas fraction, f gas , for these objects as defined in section 5.2. sured F105W magnitude for Q1009-0026 is noticeably offset from the continuum, this band contains a number of strong emission lines that are taken into account to determine the best fit template. We note that three of our galaxies (Q0302−223(3+4), Q1009−0026 and Q2222−0946) already have previously published mass estimates from SED fitting. Christensen et al. (2014) used a variety of magnitudes available in literature and the code HYPERZ (Bolzonella et al. 2000) to perform an SED fitting and obtain stellar masses. For the DLA counterpart towards Q0302−223 we find log(M * /M ) = 9.5 ± 0.2, which is consistent with Christensen et al. (2014) who found 9.65 ± 0.08. In Q1009−0026 they find log(M * /M ) = 11.06 ± 0.03, which is somewhat higher than our result of 10.7± 0.2. Our result for Q2222−0946 (log(M * /M ) = 9.7±0.3) is consistent within the errors with their result of 9.62 ± 0.12. Krogager et al. (2013) have found (log(M * /M ) = 9.3±0.2) for Q2222−0946, which is in agreement within the errors. In contrast to Christensen et al. (2014) we have a homogeneous data set with space based observations in three filters that cover the 4000Å Balmer break, which is critical for the SED fitting. In addition we apply to the high spatial resolution data a consistent magnitude and aperture correction estimation method. For these reasons, we focus on the results from our new HST magnitude measurements in the following analysis.
RESULTS AND DISCUSSION
The Stellar Mass of Lyman-α Absorbing Galaxies
We have measured the stellar mass of the five DLA counterparts in our sample (see table 5 ). Together with the objects from literature, about 15 absorbing galaxies have now their stellar mass measured (Christensen et al. 2014; Krogager et al. 2017; Rhodin et al. in prep.) . Figure 6 shows the resulting distribution of stellar masses as a function of N(H i) column density. Absorbers with log(N(H i)/cm −2 ) > 20.3 have smaller masses than Milky-Way-like galaxies, which is expected for most galaxies at z∼1. The absorbing galaxies stellar masses appear to be weakly anti-correlated with N(H i) column densities (Spearman rank correlation coefficient: −0.6), where higher stellar masses are traced by lower H i-absorbers. This is in line with results from Kulkarni et al. (2010) who use independent arguments based on metallicity to show that on average sub-DLAs might arise from more massive galaxies than DLAs. Galaxies with higher metallicity would have undergone a more rapid star formation and gas consumption, leaving them with lower N(H i) in their vicinity. On the other hand, detection of high mass -high column density systems could suffer from dust extinction within the galaxy itself (Vladilo & Péroux 2005) , thus affecting the magnitude of the background quasar. This observational bias could also explain the lack of systems in the right top corner in the figure 6.
We note one apparent outlier in this relation, which is Q2352−0028. This object lies slightly below the main relation that is formed by the remaining data points. An explanation is an ongoing interaction in this system (see also discussion about morphology later). We would expect a more massive counterpart for the measured N(H i). The tidal interaction in this system could have deposited some H i gas on top of the quasar sight line and cause the apparent deviation from the N(H i)-M * relation.
The stellar masses we report here span an interval from 9<log(M * /M )<11. However, it is important to bear in mind that many DLAs and sub-DLAs counterparts still remain undetected to date, so that the sample might not be representative of the population of absorbers as a whole. Recent findings by Krogager et al. (2017) and the study by Møller et al. (2013) indicate that DLAs trace a large range of stellar masses with an estimated average stellar mass of log(M * /M ) ∼ 8.5.
It is interesting to compare these measurements with the most recent simulations of cold gas. Clearly, resolving these mass scales in a cosmological context is a challenge to hydrodynamical simulations, as sub-grid physics are not properly simulated. Pontzen et al. (2008) estimate that DLAs are dominated by galaxies with 7<log(M * /M )<8. Tescari et al. (2009) and Rahmati & Schaye (2014) , find that most H i absorbers with N(H i) < 10 21 cm −2 are associated with very low mass galaxies, log(M * /M ) < 8. However, Figure 5 . SED fitting to the broad-band magnitudes from HST observations for the Lyman-α absorbing galaxies in the sample. The SED fit in blue is based on the LePhare photometric-redshift code (Ilbert et al. 2009 ). The spectroscopic redshifts derived from the VLT/SINFONI spectra are used as input to the code. The red data points give the measured magnitudes with their errors (in ydirection) and the filter wavelength range (in x-direction). The derived stellar masses (see table 5) are reliable, while the age of the stellar population and the SFR are less robustly determined. Rahmati & Schaye (2014) found that at higher H i column densities the contribution of haloes with log(M * /M ) > 9 increases rapidly. Rahmati & Schaye (2014) use the EAGLE simulations to show that at z∼3, sub-DLAs are dominated by systems of 7.0<log(M * /M )<8.5, while at log N(H i)>20.7, objects with 8.5<log(M * /M )<10 progressively dominate. Based on precursors of the Illustris simulations, Bird et al. (2014) find that the DLA population probes a wide range of halo masses, but that the cross-section is dominated by haloes of mass 10<log(M halo /M )<11 solar masses. Overall, the simulations predict lower stellar masses than found in our study. This illustrates the many challenges in reproducing this cold phase of the gas in an cosmological context.
On the other hand it might also indicate a detection bias of DLA counterparts. Massive galaxies are on average more luminous and easier to detect in the vicinity of a bright background quasar than low mass objects that are fainter on average. The more massive a galaxy, the larger also its extent and the possible impact parameter of a QSO sight line. Also, the more massive a galaxy, the higher its metallicity (see e.g. Figure 8 ). Krogager et al. (2017) have shown a trend between impact parameter and metallicity in DLAs which can be translated into a trend between impact parameter and mass. There is a possibility that some observations are biased to detecting systems with larger impact radii because they are easier to separate from the QSO. However, we detect DLA counterparts down to impact parameters of ∼ 6 kpc. Still, the lowest stellar mass we measure in our sample is ∼ 10 9 M , which is higher than the bulk of the population predicted by simulations.
The Baryonic and Gas Fractions of Lyman-α Absorbing Galaxies
Thanks to the wealth of data available for this unique sample, we are able to measure the dynamical, halo, gas and stellar masses of these absorbing galaxies (see tables 1 and 5). The dynamical masses are calculated from the virial theorem or from the enclosed mass if the system is found to be rotating using a converged V max derived from a 3D fit to the IFU H-α observations (see Péroux et al. 2011a for more details). The halo masses are computed from the H-α emission widths and assuming a spherical virialised collapse model. The gas masses are indirectly derived from the observed H-α surface brightness using an 'inverse' Schmidt-Kennicutt relation (Péroux et al. 2014 ). The molecular gas component is often found to be considerably lower than the H i gas, typically 20 percent of the total gas mass (Lelli et al. 2016 ). This gas component has been studied in absorption (Noterdaeme et al. 2015a,b; Balashev et al. 2017) towards DLAs. These studies imply that molecular gas is preferentially found in high H i column density DLAs (log(N H i ) > 20.7) and makes up a few percent of the total gas content.
Recently, there have also been searches for CO emission with ALMA in DLA counterparts as a tracer for molecular gas. While there were a number of non detections, Neeleman et al. (2016) report a molecular gas mass of log(M mol /M ) = 9.6 for one of the objects in the Christensen et al. (2014) sample at low redshift (PKS 0439−433, z=0.101, log(N(H i)/[cm −2 ])=19.63, log(M * /M )=10.01). Similarly Møller et al. (2018) report a molecular gas mass in a redshift 0.7 DLA (log(M * /M )=10.80) of log((M mol /M ) = 10.37. Klitsch et al. (2018) report several galaxies associated with a z=0.633 Lyman Limit System (LLS). One of these is detected in multiple CO lines leading to log(M mol /M ) = 10.1. The non-detections, given their stellar masses (10.2 < log(M * /M ) < 11.2), indicate that the molecular gas mass makes up only a small fraction of the total baryonic mass in these galaxies. For one of the absorbing galaxies studied here (Q2222-0946) we have a direct 5-sigma upper limit on the molecular mass from CO(3-2) ALMA non-detection of log(M mol /M ) < 9.89, which corresponds to < 50 percent of the gas being molecular.
The available mass estimates allow us to put constraints on the baryonic mass fraction in the DLA galaxies:
The baryonic fractions are tabulated in table 5 and are found to vary vastly from one object to another. Lelli et al. (2015) find high values (60 − 100 percent) for local tidal Figure 6 . Neutral gas column density, N(H i) as a function of Lyman-α absorbing galaxies stellar masses. When the absorbing galaxies have been detected and their stellar masses have been measured, DLA and sub-DLAs appear to have stellar masses ranging from 8<log(M * /M )<11 solar masses. We find an apparent anti-correlation between log(M * /M ) and N (H i). We obtain a Spearman rank correlation coefficient of -0.6 for these data points. The literature points for the high and low redshift samples are taken from Krogager et al. (2017) . The one point from our data, which seems to be an outlier in the lower left, is Q2352−0028.
dwarf galaxies (log(M * /M ) ∼ 8). The two objects for which we measure baryon fractions in this range, have relatively large stellar masses of log(M * /M ) = 9.7 and log(M * /M ) = 11.6. It is unexpected that the two most massive systems in our sample fall into the baryonic fraction range of tidal dwarf galaxies, while the other systems that are closer to tidal dwarfs in terms of their masses and their morphology (see also section 5.4) appear to have much lower baryon fractions.
Similarly to the baryonic fractions, we can estimate the gas fraction in these absorbing galaxies:
We derive gas fractions ranging from a few percent (in the case of the absorbing-galaxy in the field of Q1009−0026) to 56 percent (for Q0452−1640). Such gas fractions are in the low range of the typical values derived in z ∼2-3 galaxies by others (e.g. Erb et al. 2006; Law et al. 2009 ). Bahé et al. (2016) make predictions of the neutral gas fraction as a function of stellar mass at z=0 (10 < M * /M < 11.5). Our most massive galaxy (Q1009−0026) is the only one from our sample that falls into their mass range. It agrees with their predictions, although it falls into the lower range of the predicted neutral gas fraction.
Lyman-α Absorbing Galaxies Scaling Relations
In this section we will investigate some stellar-mass scaling relations.
The Star-Forming Sequence: Figure 7 shows the H-α star formation rates of our targeted absorbing galaxies as a function of their stellar masses. For comparison, we plot Figure 7 . H-α star formation rates of our targeted absorbing galaxies as a function of their stellar masses. We compare our results with the predictions for the main sequence (MS) of star forming galaxies from the Illustris simulation (Tomczak et al. 2016) as well as with the main sequence found from SDSS (Lee et al. 2015) . Except for the most massive one, our data points are broadly speaking in line with these relations, implying that DLA counterparts are normal star forming galaxies and do not form a special group of galaxies. (2014)) in green and blue are neutral gas metallicities measured in absorption. They are corrected for the impact parameter to be comparable to emission metallicities. Here, we have been able to measure directly both the stellar masses and emission metallicities of the absorbing galaxies for our sample in red, so that assumptions on metallicity gradients are not required. We plot the emission metallicities from R23 to be comparable to Maiolino et al. (2008) except for the cases of Q2352−0028, for which the R23 metallicity could not be determined, and Q1009−0026, which was not observed with X-Shooter (Péroux et al. 2014) . In those two cases we plot the metallicity from N2 (see also table 1).
the SDSS Main Sequence at z=1 from Lee et al. (2015) as well as results from the Illustris simulations at z=1 and z=2 (Tomczak et al. 2016) . Our data points are broadly speaking in line with these relations, except for the most massive object in our sample. They do not systematically deviate from the expected relation for star forming galaxies. This implies that DLA counterparts do not form a special group of galaxies, but follow the relations of normal star forming galaxies. The most massive galaxy seems to fall below the main sequence although the star formation rates are not dust corrected.
The Mass-Metallicity Relation: Péroux et al. (2003) reported a correlation between the absorption metallicity of the absorber and the absorption profile velocity spread along the quasar line of sight, ∆v. Ledoux et al. (2006) later argued that ∆v could be a proxy for the mass of the systems and advocate that the relation is an analogue of the mass-metallicity relation (MZR) of normal galaxies. Møller et al. (2013) further used this relation to predict the stellar mass of absorbing galaxies based on their metallicities, while Christensen et al. (2014) assumed a perfect MZR to derive the metallicity gradients of these systems. Figure 8 shows where our data points lie on this relation. We plot the emission metallicities for the objects in our sample and the impact-parameter-corrected absorption metallicities for the literature sample (Christensen et al. 2014) . This impactparameter-correction assumes a constant metallicity gradient from the center of the galaxy outwards such that absorption metallicities can be related to a central emission metallicity. This enables one to compare absorption selected samples with emission selected samples. For comparison, we have plotted as solid lines fits for star-forming galaxies at z=0.7 and 2.2 (Maiolino et al. 2008) . We find our data points in agreement with the previously determined MZR for DLAs.
Here, we have been able to measure directly both the stellar masses and emission metallicities of the absorbing galaxies, so that assumptions on the relation between ∆v and mass on one hand and metallicity gradients are not required.
The Morphological Complexity of Lyman-α Absorbing Galaxies
In this section, we provide further details on the morphology of the Lyman-α absorbing galaxies that have become obvious with the high spatial resolution provided by the HST imaging. Figure 4 provides for each field, the observed, modeled and residual from our detailed GALFIT modeling in the optical filter F606W or for F160W in the case of Q0302−223. The discussion is mainly based on these, as we have the highest sampling with a pixel scale of 0.04 arcsec/px in the optical filter F606W and the best detection of Q0302−223 in F160W. The residuals in Figure 4 show the deviation of the observed galaxies/clumps from the ideal Sersic profile and provide evidence for sub-structure within the observed object. The appearance of clumps within galaxies is generally related to either some external disturbance such as interactions or due to instabilities within a disk and is dependent of the spatial resolution of the observations. The extreme examples in terms of resolution are Q1009−0026 at the lowest redshift of ∼0.9, which shows a lot of clumpy residuals and Q2222−0946 at the highest redshift of ∼2.4, which presents the smoothest profile. In the following, we discuss the morphology of the galaxies in each individual field: The Q0302−223 Field: In this field we find two close galaxies at the position of the H-α emission (3+4, see figure  3 ). These two galaxies had already been found previously as well as two other clumps (1+2) that are even closer to the quasar sight line. Since the later two (1+2) did not show any H-α emission at the redshift of the absorber in the SINFONI IFU data, we assume that the galaxies responsible for the Lyman-α absorption are objects 3 and 4. Due to their proximity we may assume that they are in an interaction with each other although we do not see any features that hint at some interaction like tidal streams. We can not see anything fainter than a magnitude of ∼ 26, so if there are some very faint tidal streams, we might miss them in our observations. It should be noted at this point that we discuss the morphology for this field in a different filter (F160W) than the other objects in our sample (F606W) and might therefore probe slightly different stellar populations. For the scope of this qualitative discussion we ignore the expected minor changes in morphology due to different stellar populations.
The Q0452−1640 Field: This galaxy has the clear profile of a single rotating disc in the SINFONI data. The HST images of this target show an elongated and a compact object. This might hint at two merging objects but since we see a clear disc in the infrared and in H-α there is a strong possibility for this object to be an edge-on disc (b/a=0.36) galaxy with two separate clumps of star formation or a patch of dust that absorbs the emission in the optical. Elmegreen et al. (2012) have investigated so-called tadpole galaxies that typically have a strongly off-centered region of star formation and an elongated intensity profile. The DLA counterpart that we find here might be an example for such a tadpole galaxy.
The Q1009−0026 Field: The HST images show the presence of clumps and spiral arms. After quasar PSF subtraction, we also note a number of smaller objects at small impact parameters to the quasar (see figure 9) . We measured the magnitudes for these but due to their proximity to the quasar, the errors are large and we cannot get a constraint of the redshift of these clumps from SED fitting. Meiring et al. (2011) , who had evidence for two absorption systems towards this quasar, were looking for a second sub-DLA counterpart in this field but could only identify a faint cloud south of the QSO. In our high-resolution imaging data we can see that there are in fact several objects both south as well as in the vicinity of the QSO. Lacking further information on the redshift of these objects we cannot identify the second sub-DLA counterpart at z=0.8426 .
The Q2222−0946 Field: We find this object to be the most compact and isolated within our sample. It does not show any companions or a specific structure. It might therefore be a fully evolved field galaxy, although it lies at high redshift. Since it is also the one with the highest redshift (z=2.35) it is not as highly resolved as the other ones at lower redshift and we might not be able to resolve individual components. It is also possible that we probe sightly different stellar populations in this galaxy than in the others due to its higher redshift and therefore more redshifted spectra.
The Q2352−0028 Field: The HST images show a disturbed morphology pointing towards the quasar. We discover clear tidal streams connecting the two clumps and also stretching towards the QSO sight line. This larger sky coverage of tidally stripped gas favours detecting interacting systems in absorption. Some tidal streams stretch out from the host galaxies and cause the strong absorption feature in the QSO spectrum. Without these tidal features, the CGM around galaxies could be less extended. As Hani et al. (2018) have shown, galaxy mergers can enhance the extent of the CGM.
When comparing the clumpiness to the baryon fractions presented in table 5, we find an apparent dependence of the baryon fraction on the structure of the galaxy. For those with only a single galaxy (Q1009−0026 and Q2222−0946) we find extremely large baryon fractions (65-100 percent). The DLA counterparts that show a clumpy structure that might hint at an ongoing merging are found to have low baryon fractions (7-22 percent). These might in fact be a further indication of ongoing merging as the tidal interaction between the clumps might cause the baryonic matter to be scattered throughout the halo out to large radii, leading to lower baryon fractions in the central part of the halo. The fully evolved galaxies on the other hand accumulate all of their stars and gas in the central region of the dark matter halo and have therefore a core that is dominated by baryonic matter.
The absorption reaches up to 40 kpc outside the galaxy center. This means that some processes must drive this gas far out of the galaxy and keep it there. In the framework where many of these DLA galaxies actually consist of inter-acting clumps, some of them are maybe filaments that were created by tidal interactions between clumps. This means that the gas we see in absorption is rather associated to a group of smaller clumps than to a single galaxy, which is in line with findings from simulations (Rahmati & Schaye 2014) . The observations from Fumagalli et al. (2014b) and Cantalupo et al. (2014) also suggest that the CGM around quasars is composed of streams and filaments.
Already the first identified DLA galaxy (Møller & Warren 1993) was found in a group comprising at least 3 galaxies. Later, spectroscopy (Warren & Møller 1996) revealed the tight kinematics of this group with an estimated merging timescale of < 10 9 years. Later work has confirmed that absorption selected galaxies often are found in similar tight group environments, or even in the process of active merging. In the sample of Christensen et al. (2014) at least five of the 12 DLA galaxies are either in groups or parts of actively merging systems. More recent work (Péroux et al. 2016; Bielby et al. 2017; Fumagalli et al. 2017; Rahmani et al. 2018; Klitsch et al. 2018) has confirmed the high fraction of group environments encountered in the search for galaxies with strong absorption features. While our ground based SINFONI data originally suggested that these five DLA counterparts are isolated galaxies, we found that three out of five of our objects have substructure in the HST data, which we call clumps. This further suggests that the strong absorption that we see towards quasars are preferentially caused by some group-like structure that contains interacting objects and intergalactic material.
In conclusion, the enhanced spatial resolution provided by HST imaging reveals the complexity of the morphology of these Lyman-α absorbing galaxies. We find that the DLAs and sub-DLAs are associated with isolated, clumpless galaxies only in a few cases. More often, the absorbing galaxies are within group structures or show indications of interacting clumps (Q0302−223, Q0452−1640, Q2352−0028). These results have important consequences for the interpretation of the gas content and metallicity gradient of the circumgalactic medium of galaxies selected by their absorption signature.
CONCLUSION
We have analysed the stellar continuum of five DLA counterpart galaxies using HST broad-band imaging in the optical and near infrared (F606W, F105W, F160W ). We measured the stellar masses of these galaxies from an SED fit to the magnitudes we obtained from the HST data. From our results presented in section 5, we draw the following conclusions:
• We find an anti-correlation between N(H i) and the stellar masses. Kulkarni et al. (2010) proposed that sub-DLAs trace more massive galaxies than DLAs. The former could have undergone more rapid star formation and gas consumption leading to lower N(H i) in their surrounding medium. This anti-correlation could also be due to an observational bias as high-mass-high-N(H i) systems could be more difficult to detect because of dust obscuration.
• Using these stellar masses and the estimates available for the gas mass and the dynamical mass (see table 1), we calculate the gas fraction and the baryonic fraction within the observed galaxies. We find a large spread (7-100% for baryon fractions, 3-56% for gas fractions) in these values among our sample.
• Combining these observations with emission spectra, we investigated the scaling relations of DLAs. The majority of our Lyman−α counterparts follow the main sequence of star forming galaxies, given their stellar masses. They also follow the Mass-Metallicity Relation for DLAs.
• Making use of the high spatial resolution offered by the HST imaging, we investigate the morphology of these DLA counterparts. Most are not fully evolved disk galaxies, but rather composed of individual star forming clumps that are in close interaction. Especially in the optical broadband filter F606W which has the highest spatial resolution among our data sets, individual clumpy structures instead of a single disk galaxy are found. Three out of five galaxies show clumpy structure, while the remaining two could be disks. When fitting Sersic models to the observed galaxies we find residuals that show filamentary structure, indicating gas flows due to interaction of different clumpy components.
Taking these points together, the circum-galactic medium of DLA galaxies appears complex. A larger sample of DLA counterparts combining absorption observations with CGM in emission are required to gain a complete understanding of the gas flowing processes in and around galaxies.
In addition to the optical searches such as the one described here, there are on-going campaigns detecting with ALMA molecular emission lines from absorption selected galaxies (Neeleman et al. 2016 (Neeleman et al. , 2018 Klitsch et al. 2018; Møller et al. 2018; Kanekar et al. 2018) . Combining optical and sub-mm wavelengths observations of absorber host galaxies will bring new insights into the role of molecular gas in the CGM of galaxies.
